Response of the mechanoreceptors underlying the skin is greatly affected by its mechanical properties. Knowledge of this response is essential in designing artificial tactile devices such as minimally invasive tools and tactile displays. The purpose of present research is to simulate the biomechanics of tactile sensation during indentation tests. A two-dimensional finite element model has been used for the analysis incorporating the essential anatomical structures of a finger (i.e., skin, subcutaneous tissue, bone, and nail). The skin and subcutaneous tissue are assumed to be hyperelastic and viscoelastic. We obtained the stress, strain and deformation fields in indentation tests. It was noted that the skin away from the indenter was experiencing considerable amount of strain energy density. Also, the response of SAI afferents could be predicted from the proposed model. These results were in agreement with the results mentioned in other published experimental data.
Introduction
In most studies in which the properties of cutaneous afferents have been investigated, the stimuli were confined to the classical receptive field. Punctuate probes indenting or vibrating into the skin of either humans or experimental animals were used to define the temporal or frequency characteristics of the afferents [1, 2] . The spatial characteristics of their receptive fields were delineated by varying the position of the stimuli on the skin [3] [4] [5] [6] [7] . These initial studies of the receptive field established the differences in properties between the four classes of afferents that innervate human glabrous skin: the slowly adapting type I and type II afferents (SAIs and SAIIs) and the fast adapting type I and type II afferents (FAIs and FAIIs); for review see [8, 9] . Skin indentation is encountered while performing several activities such as interacting with a virtual world through a tactile display. Some categories of tactile displays are based on presenting an array of vibrating pins to the index finger and thus conveying some information about texture of the virtual surface [10] [11] [12] [13] . A fingertip is composed of skin layers (epidermis and dermis), subcutaneous tissue, arterial bone, and nail ( Figure 1 ). The epidermis, the outermost layer of the skin, consists of primarily protective horny structures, such as stratum corneum. The dermis, a fibrous layer supporting the epidermis, contains numerous mechanoreceptors which have been classified into four types. The subcutaneous tissue is a fat layer which primarily consists of lipocytes. The matrix of the subcutaneous tissue contains approximately 60-72% fluid in volume. Mechanics of the skin and subcutaneous tissue is as central to the sense of touch as optics of the eye is to vision and acoustics of the ear to hearing. Biological tactile sensors found in the skin can simultaneously detect contact force, hardness, temperature, and surface roughness for multimodal, comprehensive evaluation of the contact object. To gain such information in real-time, the human fingertip uses its specialized structures such as fast responding Meissner's (FAIs) and Pacinian corpuscles (FAIIs) for sensing vibration and texture and slow Ruffini endings (SAIs) and Merkel's discs (SAIIs) for sensing deformation. The relationship between these loads and the resulting stresses and strains at the mechanoreceptive nerve terminal within the skin plays fundamental role in the neural coding of tactile information. Understanding the principles of this coding is helpful in the design of artificial tactile systems which are gaining increasing application in different fields such as robotics and minimally invasive surgery [14] . Bisley et al. [15] recorded the responses from slowly adapting type I primary afferent fibers (SAIs) innervating the sides and end of the distal segment of the stimulated finger. They observed that although these afferents had receptive field centers that were remote from the stimulus, their responses were substantial and that increasing the curvature of the stimulus resulted in an increased response for most afferents. They analyzed the previously proposed models such as waterbed model of Srinivasan [16] and stated that since these models cannot predict their observations properly, there is a need for realistic models of the finger that will explain the distribution of stresses and strains over the entire skin surface in response to tactile stimuli. In order to aid the design of tactile displays, we have analyzed the mechanical response of the fingertip to a tactile stimulus through finite element modeling. This stimulus is a rectangular bar with a rounded tip which simulates the indenter in an indentation test. The predicted mechanoreceptor response obtained from this model is compared with published experimental result.
Materials and Methods

1-Finite element model
A 2D finite element (FE) model of the fingertip is used for the analysis, as shown in Figure 2 . The dimensions of the fingertip are assumed to be representative of the index finger of a male subject. The fingertip is assumed to be composed of a skin layer (representing epidermis and dermis), subcutaneous tissue, bone, and nail. The skin is assumed to have a thickness of 0.8 mm. The crosssections of the fingertip and the bone are assumed to be elliptical and the tissue thickness is considered to be asymmetric about the bone. The nail was fixed at its three upper nodes as in most experiments which fix the finger on a table for indentation test. The contact between the bone and subcutaneous tissue and between the nail and skin are assumed to be frictionless without any separation. Mapped meshing technique was used to mesh the model with a total number of 1065 two dimensional plane strain elements. An indenter was modeled to deform the skin surface of the fingertip. The indentor was modeled as a rectangular steel bar with rounded tip and was assumed to touch the skin surface without initial compression. The indenter was given different displacements in different time intervals and distribution of stress and strain developed in the fingertip were obtained both as a function of both location and time. A typical loading curve has been plotted in Figure3. 
2-Material properties
The Young's moduli of the bone and nail were assumed, according to the published experimental data [17] , to be 17.0 GPa and 170.0 MPa, respectively; while Poisson's ratio was assumed to be 0.30 for both. The material parameters of the skin and subcutaneous tissues used in the present simulations were determined based on the published experimental data [18] , as in Table 1 in Appendix B. Constitutive equations for skin and subcutaneous tissue are given in Appendix A.
Results
The indenter was modeled to deform the skin surface of the fingertip by an amount of h within a ramping period of t, as shown in Figure 3 . Two sets of finite element analyses were performed to study the mechanics of tactile sensation of the fingertip. In the first set, the indenter was given a displacement of h =1mm in a time of t =1s. The displacement, stress and strain fields within the soft tissue at the state of maximum depression It is seen that the displacement at the point of application of load is maximum and gradually decreases with increasing the distance from the load. Distribution of xy shear strain (e 12 ) at t = 1s is shown in Figure 5 . It can be seen that in addition to the contact region, other portions of the fingertip are also experiencing considerable shear strain. Figure 5 : xy shear strain (e 12 ) at t = 1s and indenter diameter of 0.1 mm. Figure 6 shows the x component of strain (e 1 ) at a depth of 0.5 mm from the skin. It can be seen from Figure 6 that up to a distance of 1.5 mm from indenter, decreasing the radius of curvature (decreasing the indenter diameter) at the point of contact causes e 1 to increase as well. In the second set, the indenter was given a displacement as shown in Figure 5 . The displacement reached a level of 1mm at time 0.1s, remained in the same place for 0.4s and decreased to zero in 0.1s. Thus the total indentation time is 0.6s. Figure 6 shows the variation of strain energy density as a function of time at different depths of 0, 0.5 and 0.75mm from the skin exactly under the indenter. It can be seen that strain energy density increases rapidly to its maximum value at t =1s, then decreases gradually and finally drops to zero at t =0.6s.
Discussion and conclusion
The biomechanical properties of the skin and the subcutaneous tissues influence the transmission of mechanical vibration at different frequencies. As a result, knowing the behavior of skin when it is subjected to different loads, is important in understanding the processes which involve tactile sensing such as minimally invasive surgery and designing tactile displays. In this study, we have proposed a finite element model to predict the response of fingertip subjected to a tactile stimulus. As most of the tactile displays are composed of arrays of vibrating pins, we have modeled the process of indentation of a typical pin as it interacts with the skin. If the skin on the fingerpad formed an infinite flat surface, then it would be sufficient to characterize the responses of afferents terminating in the region of the stimulus. However, the finger is a closed viscoelastic body with a curved surface. Bisley et al. [19] have found that mechanoreceptors located at sides of the fingertip react to the stimuli at the center of the fingertip. This is consistent with the results obtained from our model and plotted in Figure 3 which shows that the areas that are away from the indenter are also experiencing considerable amount of shear starin. Other quantities such as strain energy density also showed the same behavior ( Figure 7 ). It is mentioned that mechanoreceptors in the human finger sense the vibrations in the range 5-250 Hz. Figure 8 shows the variation of strain energy density at different depths from the skin surface as a function of time in an indentation test where the indenter was given a displacement as shown in Figure 8 . It is seen that when the indenter is stationary during t =0.1 to t =0.5, the strain energy density decreases. Since the mechanoreceptors in the human finger can not sense the strain energy below a certain value, the frequency of indenter displacement can not be reduced greatly, otherwise the mechanoreceptors will be adapted. This adaptation causes the output of these receptors to become zero and the stimuli could not be felt. Contrary to visual and auditory senses, the touch signal is not a well defined quantity. As a result, the researchers of this area are still dealing with the basics of collecting the most relevant data [19] . The mechanical parameter that the receptors in the finger perceive is still unknown and research in this area is in progress. By comparing the finite element results obtained using our model with experimental results, we can conclude that various straindependent parameters such as vertical strain, shear strain and strain energy density are appropriate candidates for the parameter that the mechanoreceptors perceive. We have not included the effect of inertia on the response of fingertip. Future research could be concentrated on including these effects. 
where t is time. Here the deformation behavior during the volumetric relaxation is considered to be identical to that attained under shear relaxation. The stress relaxation function is defined using the Prony series
where G 0 and G(t) are the instantaneous and time dependent moduli, respectively; 
where F and C are the deformation gradient and the right Cauchy-Green deformation tensors, respectively. 
Appendix B. Material properties of skin
